Background: The nature of the migraine aura and its role in migraine pathophysiology is incompletely understood. In particular, the mechanisms underlying aura initiation and the causal relation between aura and headache are unknown. The scientific investigation of aura in patients is only possible if aura can be triggered. This paper reviews potential methods for the experimental provocation of migraine aura. Methods: We systematically searched PubMed for studies of experimental migraine provocation, including case reports of patients with aura and reports of the occurrence of aura following exposure to any kind of suspected trigger. Results: We identified 21 provocation studies, using 13 different prospective provocation methods, and 34 case reports. In the prospective studies, aura were reported following the administration of intravenous and sublingual glyceryl trinitrate, visual stimulation, physical activity, calcitonin gene-related peptide infusion, chocolate ingestion, and the intravenous injection of insulin. In addition, carotid artery puncture has consistently been reported as a trigger of aura. Conclusions: No safe and efficient method for aura provocation exists at present, but several approaches could prove useful for this purpose.
Introduction
Migraine ranks seventh among the highest causes of disability in the world (1) and has a high economic cost to society (2) . There is a clear need to identify target points for new anti-migraine drugs (3) . Approximately one-third of patients with migraine experience aura (4) , which presents as transient, gradually developing neurological symptoms, most often in the form of visual, sensory or speech disturbances, and usually appearing before the onset of migraine headache (5) . The aura is an integral feature of the migraine attack in this subset of patients, but the nature of this phenomenon and its role in migraine pathophysiology remains incompletely understood. Cortical spreading depression (CSD), a neuronal and glial depolarization wave that slowly propagates in brain tissue at a rate of around 3 mm/min, is most probably the underlying mechanism of aura (6) . The spatial and temporal characteristics of both migraine aura symptoms and the changes in blood flow and functional magnetic resonance imaging (fMRI) signals observed in patients with migraine are indeed consistent with CSD (7, 8) . However, despite the longstanding assumption that CSD is the substrate of migraine aura, there has, as yet, been no definitive electrophysiological evidence of CSD in patients with migraine. Further, it is not known how this intense cortical disturbance arises seemingly spontaneously in the normal-appearing tissue of patients with migraine. Also, the casual relation between aura and headache is not known. Could patients avoid having a migraine headache if the aura was stopped or prevented? Unravelling the pathophysiology of aura and the relation between aura and headache is essential for understanding migraine. Unfortunately, it is extremely difficult to systematically study migraine aura in patients due to the unpredictable and short-lasting nature of the phenomenon. This can only be achieved through the experimental provocation of aura. A variety of methods currently exists for inducing migraine attacks without aura using experimental human models (9) . The human models give the opportunity of studying the neurobiology of migraine under controlled conditions and provide an understanding of the events that constitute a migraine attack. They also give an insight into the mechanisms of action of the current anti-migraine drugs and an opportunity to identify new target points for future drugs. The current human migraine models have facilitated the development of new pharmaceutical migraine treatments (10) . At present, however, no human model of migraine aura has been developed.
The aim of this study was to systematically review the available literature of aura provocation studies and case reports of triggering migraine aura and to evaluate the usefulness of these methods for a human model of migraine aura.
Methods
We searched PubMed for reports of provocation of migraine with aura (MA) using all possible combinations of the following free text keywords: 'migraine', 'aura', 'visual disturbances' with 'provocation', 'induction', 'triggering' in combination with MeSH keywords ('migraine' and the subheading 'chemically induced'), while excluding animal studies and studies of epilepsy, the entire string thus being: 'migraine disorders/chemically induced'(MeSH)) OR migraine provocation OR migraine induction OR migraine triggering OR aura provocation OR aura induction OR aura triggering OR visual disturbances provocation OR visual disturbances induction OR visual disturbances triggering NOT epilepsy NOT animals'.
The search was limited to English and German language publications. We also reviewed the reference lists of relevant articles to identify studies that might have been missed in the search. Reports fulfilling the following criteria were considered eligible for review: reports of studies of experimental migraine provocation, including patients diagnosed with MA, reports of occurrence of MA following exposure to any kind of suspected trigger, and reports of occurrence of symptoms similar to those of migraine aura, as defined by the International Headache Society classification, following exposure to any kind of suspected trigger. Retrospective questionnaire-based studies of selfreported migraine trigger factors and reports of MA occurring secondarily to intracranial pathology were excluded from the review.
Results
The PubMed search identified a total of 725 articles, which were screened based on title and abstract. Seventy articles were retrieved as full text and further assessed for eligibility. Of these, 33 articles were included in the review: 14 provocation studies and 20 case reports. In addition, seven provocation studies and 14 case reports identified through other sources, primarily references from other articles, were added to the review. Thus 21 provocation studies and 34 case reports were available for review.
Provocation studies
The 21 studies were published between 1977 and 2013. The median number of patients included was 22 (range . Thirteen different potential provocation methods were identified. The triggering of aura was reported for seven of these methods. The most commonly used method was the intravenous infusion of glyceryl trinitrate (GTN) (11) (12) (13) (14) (15) , with a total successful trigger rate of 4% (2/49). An aura was reported after sublingual GTN in 14% (3/22) of patients (16) . Visual stimulation triggered aura in 18 of 60 patients, yielding a trigger rate of 30%, although the type of visual stimulation varied among the studies (17) (18) (19) (20) . The combination of physical activity and visual stimulation had a trigger rate of 29% (2/7), whereas physical activity alone had a trigger rate of 18% (4/22) (8, 20) . Infusion of calcitonin gene-related peptide (CGRP) had a trigger rate of 29% (4/14) in patients with typical migraine aura, 12% (4/34) when including patients with familial hemiplegic migraine (FHM) (21-23), 17% (2/12) for chocolate ingestion (24) and 10% (2/20) for intravenous insulin (25) . Transdermal GTN (26), somatostatin (27) , hypoxia (28) , tyramine (29, 30) and the injection of air microbubbles (31) did not induce aura in any of the patients. Table 1 gives an overview of the provocation studies.
Case reports
The 34 case reports and case series were published between 1964 and 2012. Thirteen articles reported the triggering of aura after intravascular procedures. Seven of these reported the triggering of aura by carotid or vertebral angiography in single or several patients (7, (32) (33) (34) (35) (36) (37) . In one large retrospective study, aura was triggered by carotid angiography in 30% (16/54) of patients with 'migraine accompagne´', i.e. migraine with sensory or hemiplegic migraine (31) . Three studies reported aura following sclerotherapy for varicose veins using the injection of foam or liquid sclerosant agents (38) (39) (40) . An aura was reported following endovascular procedures (41) , after cardiac catheter ablation (42) and after aortic stenting (43) . Two reported cases of aura were triggered following air microbubble injection during transcranial Doppler ultrasound examination (44, 45) . Three studies reported aura induced by physical activity (46) (47) (48) (49) and one following orgasm (47) . Two studies reported aura after the consumption of two different food sources (50, 51) . Hypoxia (52) and 11 different pharmaceutical drugs were reported to precipitate aura in one patient each (50, (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) . One article reported aura after GTN infusion (63) and one following the transdermal application of GTN (64) . Table 2 gives an overview of the case reports.
Discussion
We identified several potential methods for the experimental provocation of migraine aura. Prospective studies reported successful triggering of aura in up to 30% of patients. Many possible triggers have been reported retrospectively. Of these, angiography involving carotid puncture seems to be the most effective and consistent. According to questionnaire-based surveys, more than 50% of patients with MA can identify at least one trigger mechanism that always or often precipitates an MA attack (65) . The most common individual trigger mechanism reported by up to 70% of patients with MA is stress, with aura occurring both during and after the course of a stressful episode (65, 66) . Bright lights, physical activity, not eating, sleep disturbance (too much and too little), intense emotional experiences, perfume or odour, weather and hormones (in women) are other common trigger mechanisms (65) (66) (67) . Interestingly, in line with the self-reported trigger factors, the studies identified in this review found both physical activity and visual stimulation to induce aura in prospective studies of patients with MA.
Aura induced by visual stimulation
Four of the reviewed studies used visual stimulation to trigger aura, with a total trigger rate of 30% (17) (18) (19) (20) . The studies used different methods: Bowyer et al. (17) used a black/white circular checkerboard, whereas Cao and coworkers (18, 19) used a red/green checkerboard in both their studies. Interestingly, numerous electrophysiological studies (68) and fMRI studies (69, 70) have applied similar checkerboard stimulation, but without any report of triggering aura. Hougaard et al. (20) used three different light stimulation techniques: a therapeutic lamp; a xenon arc photo-stimulator designed for flash visual-evoked potentials; and a 1500 W stroboscope flickering at 20 Hz. In this study, an aura was only triggered when visual stimulation was combined with physical activity. How visual stimulation can lead to aura provocation is not clear. It has been suggested that an increased responsiveness to visual stimuli in the interictal state predisposes patients with migraine to develop attacks, possibly by triggering CSD (71, 72) . Psychophysical studies have demonstrated increased photosensitivity (73, 74) and aversion to exposure to certain visual patterns outside attacks among patients with MA (75) . Functional MRI studies have shown hypersensitivity to visual stimulation in the primary visual cortex and parietal and prefrontal areas, similar to the areas activated during the photoparoxymal response in epilepsy (69, 70, 76) . Triggering aura using visual stimulation would be an ideal human model as it is non-invasive, but reproducible models are still needed. Optimization of the method and characterization of the optimum spatial and temporal frequencies of the patterns and wavelengths of light are needed.
Aura induced by physical activity
Two of the reviewed studies used physical activity for the provocation of aura, with a total trigger rate of 18% (8, 20) . In addition, three case reports of aura triggered by physical activity were identified (46, 48, 49) . These studies suggested that different types of strenuous physical activity may induce aura. The mechanism is still unclear. Hyperthermic exercise reduces cerebral oxygenation in humans (77) , an effect that theoretically could trigger CSD and thereby induce aura in patients with MA. Changes in blood pH from lactate production could also contribute to the triggering of CSD following exercise (most probably the post-exercise normalization of blood pH because acidosis increases the CSD elicitation threshold (78) ). Physical activity could be suitable for aura provocation in an experimental setting. The optimum types of activity, duration and intensity still need to be characterized. One study suggested that the trigger rate is increased by combining visual stimulation and physical activity and, in general, a combination of selfreported stimuli could be a more efficient method of triggering aura (20) . 
Aura induced by intravascular procedures
Cerebral angiography by carotid puncture appears to be a consistent trigger, which probably induces the patients' usual aura symptoms in at least 30% of patients after a lag phase of about 30-60 minutes (32) . The method made possible a series of seminal studies of changes in regional cerebral blood flow during aura (7, 33, 34) . Similar changes were observed in spontaneous aura attacks (7, 79) , indicating that these were no different from the induced attacks. Angiographies were performed in these patients by direct carotid artery puncture and the injection of contrast through the needle. Janzen et al. (32) reported the triggering of aura by vertebral angiography in only one of 14 patients. Vertebral angiographies were obtained in most patients from contrast injection through a femoral artery catheter. The mechanism behind this triggering of aura is not clear. Shuaib (80) reviewed the records of 142 patients with migraine who underwent cerebral angiography and found that seven had any complications, of which only three could be migrainous (hemisensory change and hemiparesis). This low incidence was attributed to the fact that the retrograde Seldinger technique was used and not direct arterial puncture. Thus the symptoms may have been a result of simple mechanical irritation caused by direct needle puncture of a cervical artery. Very large reviews (81, 82) of the neurological complications of cerebral angiography through the femoral artery support this suggestion, since they did not report any occurrence of migraine aura. One notable exception is the report by Hauge (83) of migraine-like symptoms following vertebral angiography using a catheter inserted into the brachial artery. Hauge (84) noted that the contrast media used at this time (the early 1950s) were relatively toxic compared with modern substances and may have caused endothelial damage or disruption of the blood-brain barrier. In patients in whom a migraine aura was triggered, the angiographies were generally normal and did not suggest vasospasm (32) . Olesen et al. (85) further highlighted a number of possible explanations, including the low temperature of the injected material, pressure from the injection distending the artery and ultra-short hypoxia resulting from the passage of the contrast material. Also, because the topical application of endothelin-1 potently induces CSD in rats, the release of this substance from the carotid endothelium is a possible explanation of how this procedure induces aura (86) . The procedure very rarely triggers aura in patients with no previous history of aura (7) , indicating the need for susceptibility to aura, perhaps from increased cortical excitability. Another intravascular procedure that has been reported to cause migraine aura is sclerotherapy for varicose veins. This relation is well known, even though the incidence of aura following these procedures is generally very low (around 1%) (87) . The mechanism for aura provocation by polidocanol is not understood. It is possible that aura can only be triggered using this method in patients with a patent foramen ovale (88) . Interestingly, the endogenous production of endothelin increases after sclerotherapy in both rats (89) and human patients (90) . It would be of interest to prospectively investigate the relationship between sclerotherapy and aura among patients undergoing this procedure.
Aura induced by pharmaceutical drugs
Fifteen of the provocation studies used a pharmaceutical method and we found 11 case reports of aura triggered by pharmaceutical drugs. Here we discuss only CGRP and GTN, which have been used in several studies.
Three of the reviewed studies used CGRP for migraine provocation. One study included patients with MA without hemiplegic migraine (21) and two only included patients with FHM (22, 23) . All studies used a continuous intravenous infusion of 1.5 mg/min CGRP over 20 minutes to induce migraine. Among the patients with MA, visual aura was induced at a trigger rate of 28% (4/14) and in three patients the aura was similar to the patients' usual aura. The four MA patients were later rechallenged in an identical provocation setup and here only one patient developed aura (Hougaard, unpublished data) . No aura was induced in the patients with FHM. Thus CGRP infusion does not seem to be an efficient method for the experimental triggering of aura. The same seems to be true for GTN, a well-known trigger of migraine without aura (91) . Despite its use in many migraine studies, only two cases of the triggering of aura following GTN infusion have been reported (11) and three cases after sublingual GTN (16) . Interestingly, patients with MA generally report attacks of migraine without aura in GTN and CGRP provocation studies, even in patients who never experience spontaneous attacks without aura, suggesting that these drugs exert their migraineprovoking actions 'downstream' of the aura in the pathophysiological process.
Experimental triggering of aura
To expand our understanding of migraine aura, a triggering method for experimental use is needed. Such a method must be absolutely safe for the patients, but also efficient. At present, there is no good approach that meets these requirements. Direct carotid artery puncture consistently provokes aura in patients with MA, but this method is not currently suitable for experimentation due to its invasive nature.
The pharmaceutical migraine triggers appear to primarily trigger attacks of migraine without aura even in patients with MA. The self-reported 'natural' trigger factors that patients report (e.g. stress, weather changes and exposure to sunlight) are often non-specific or difficult to handle in an experimental setting. It seems that a certain threshold of trigger exposure most be reached to initiate an attack and this can possibly be achieved by combining several suspected triggers. In one provocation study, exercise combined with visual stimulation was a more potent trigger than exposure to these each of these factors separately (20) . Thus combining factors such as exercise, light, sleep deprivation and fasting would potentially consistently trigger aura. However, there is obviously an ethical limit to what patients can be subjected to for this purpose. A different approach would be to attempt the induction of CSD in patients by increasing cortical excitability. CSD can be elicited in rabbits by directing flashes of light into the animal's eyes after the intravenous administration of pentylenetetrazol, a GABA-A receptor blocker (92) . Excitability can also be modulated through transcranial electrical stimulation (93) . Hypoxia could also theoretically be a potential trigger, although normobaric hypoxia did not trigger aura in one provocation study (28) .
Many of the reviewed studies did not give detailed descriptions of the provoked aura symptoms or information about whether the symptoms were similar to the patients' usual aura. For future studies of potential triggers of migraine aura it is important to provide this type of information to detect potential differences in the properties of aura between different provocation methods. This would also allow the determination of whether the reported symptoms fulfil the current diagnostic criteria for MA.
Thus the search for a human model of migraine aura continues. This review has suggested a number of potential approaches that could prove useful in triggering aura and thus for disentangling the highly complex mechanisms of migraine.
